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An Autoregulatory Tetracycline-Regulated System For 
Inducible Gene Expression In Eucaryotes 

Background of the Invention 

Statement as to Rights to Inventions Made Under 
Federally-Sponsored Research and Development 

Part of the work performed during development of this invention utilized 
U.S. Government funds. The U.S. Government has certain rights in this 
invention. 

Field of the Invention 

The invention is related to the recombinant DNA technology. A 
tetracycline-regulated system which provides autoregulatory, inducible gene 
expression in cultured cells and transgenic animals is described. 

Related Art 

Systems for inducible mammalian gene expression have typically 
encountered limitations such as basal Ieakiness, toxic or nonspecific effects of 
inducing agents or treatments, limited cell type applicability and low levels of 
expression (reviewed in Yarranton, G. T., Curr. Opin. Biotech 5:506-511 
(1 992)). Recently, a system was described (Gossen, M. & Bujard, H., Proc. Natl. 
Acad. Set USA 5P:5547-5551 (1992)) that overcomes many of these difficulties 
by placing target genes under the control of a regulatory sequence {tetO) from the 
tetracycline-resistance operon of TnlO. In bacteria, this short sequence is bound 
tightly by the tetracycline repressor protein (tetR), and binding is blocked by the 
antibiotic tetracycline (Hillen, W. & Wissmann, A.; in Protein-Nucleic Acid 
Interaction, Topics in Molecular and Structural Biology, Saenger, W. & 
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Heinemann, U., eds., Macmillan, London (1989), pp. 143-162). A hybrid fusion 
protein, the tetracycline transactivator (tTA), combines the tetR DNA binding 
domain with the transcriptional activation domain of VP- 16, such that when tTA 
binds to a niinimal promoter containing tetO sequences, transcription of the target 
5 gene is activated. Tetracycline binding to tTA prevents activation presumably by 

causing a conformational change in the tetR portion of tTA which blocks binding 
of tTA to tetO (Hinrichs, W., et ai, Science 264:41 8-420 (1994)); gene activation 
is achieved by removing tetracycline (Gossen, M. & Bujard, H., Proc. Natl. Acad. 
Set USA 59:5547-5551 (1992)). 

10 The primary limitation of this system is difficulty in expressing even 

moderate levels of the tTA protein (undetectable by western blotting and barely 
detectable by gel electrophoresis mobility shift assay (Gossen, M. & Bujard, H., 
Proc. Natl Acad. Set USA £9:5547-5551 (1992))). Gossen and Bujard 
speculated that this was due to transcriptional "squelching" (Gill, G. & Ptashne, 

15 M., Nature (London) 334:721-724 (1988)) by the VP16 transactivator domain 

leading to death of cells expressing even modest levels of the tTA protein. These 
results combined with the observation of an apparently low level of expression 
of an inducible luciferase transgene using this system (Furth, P. A., et aL, Proc. 
Natl. Acad. Set. USA 97:9302-9306 (1994)) suggest that inefficiencies in tTA 

20 expression may contribute to the difficulty. 

Summary of the Invention 

By placing the tTA gene under the control of a promoter containing tetO, 
an autoregulatory tTA expression vector is created that allows high levels of tTA 
expression. It is demonstrated herein that this strategy permits the creation of 
25 highly inducible transfected cells with much greater efficiency than the 

constitutive system. Furthermore, it allows the creation of transgenic mice in 
which expression of a luciferase reporter gene can be controlled by altering the 
concentration of tetracycline in the drinking water of the animals. The 
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autoregulated expression of transactivator protein should make the tetracycline 
system applicable to a wide array of problems requiring inducible mammalian 
gene expression. 

The first embodiment of the invention relates to a composition of matter 
comprising a polynucleotide molecule encoding a tetracycline transactivator 
fusion protein, said protein comprising a prokaryotic tet repressor and a 
eucaryotic transcriptional activator protein, and said polynucleotide molecule 
being operably linked to an inducible minimal promoter, which promoter contains 
at least one tet operator sequence. The open reading frame of the polynucleotide 
molecule encoding the tetracycline transactivator fusion protein is modified at its 
5 ' end to provide an optimal context for translational initiation. In a preferred 
embodiment of the invention, it is modified to provide a unique restriction site, 
such as Hincfi.ll. In the most preferred embodiment of this invention, the open 
reading frame of the polynucleotide molecule encoding the tetracycline 
transactivator fusion protein is modified at its 5' end to encode an oligonucleotide 

identified as SEQ ID NO. . In a preferred embodiment, the polynucleotide 

molecule encoding a tetracycline transactivator fusion protein is DNA. 

The second embodiment of the invention relates to a cloning vector 
containing the polynucleotide molecule of the invention. The most preferred 
embodiments of the invention relate to plasmids pTet- Splice and pTet-tTAK. 

The third embodiment of the invention relates to a eucaryotic cell 
transfected with the polynucleotide molecule of the present invention. In a 
preferred embodiment, the eucaryotic cell contains tetracycline in an amount 
sufficient to suppress binding of tetracycline transactivator fusion protein to said 
inducible minimal promoter. In another preferred embodiment of the invention, 
the eucaryotic cell is further transfected with a polynucleotide molecule encoding 
a heterologous protein operably linked to an inducible minimal promoter, which 
contains at least one tet operator sequence. In the most preferred embodiment of 
the invention, at least one of the polynucleotide molecules is operably linked to 
a minimal promoter and seven tet operator sequences. In a further preferred 
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embodiment, the polynucleotide molecule encoding a tetracycline transactivator 
fusion protein is expressed in an amount sufficient to drive expression of the 
polynucleotide molecule, encoding the heterologous protein, in the absence of 
tetracycline. In another preferred embodiment, the tetracycline transactivator 
5 fusion protein is present in an amount sufficient to drive expression of the 

heterologous protein. 

The fourth embodiment of the invention relates to a method to decrease 
or shut off expression of a heterologous protein comprising 

(a) transforming a eucaryotic cell with 

10 (i) a first polynucleotide molecule encoding a tetracyline 

transactivator fusion protein, said protein comprising a prokaryotic tet repressor 
and a eucaryotic transcriptional activator protein, and said polynucleotide 
molecule being operably linked to an inducible minimal promoter, which 
promoter contains at least one tet operator sequence; 

15 (ii) a second polynucleotide molecule encoding the 

heterologous protein, said protein being operably linked to an inducible minimal 
promoter, and said promoter containing at least one tet operator sequence; and 

(b) cultivating the eucaryotic cell in a medium comprising tetracycline 
or a tetracycline analogue. In a preferred embodiment, the second polynucleotide 

20 molecule is operably linked to a minimal promoter and seven tet operator 

sequences. 

The fifth embodiment of the invention relates to a method to activate or 
enhance the expression of a heterologous protein comprising 

(a) transforming a eucaryotic cell with 
25 (i) a first polynucleotide molecule encoding tetracycline 

transactivator fusion protein, said protein comprising a prokaryotic tet repressor 
and a eucaryotic transcriptional activator protein, and said polynucleotide 
molecule being operably 'linked to an inducible promoter, which promoter 
contains at least one tet operator sequence; 
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(ii) a second polynucleotide molecule encoding the 
heterologous protein, said protein being operably linked to an inducible minimal 
promoter, and said promoter containing at least one tet operator sequence; and 

(b) cultivating the eucaryotic cell in a medium lacking tetracycline or 
a tetracycline analogue. 

The sixth embodiment of the invention relates to a kit comprising a carrier 
means having in close confinement therein at least two container means, wherein 
a first container means contains a first polynucleotide molecule encoding a 
tetracycline transactivator fusion protein, said protein comprising a procaryotic 
tet repressor and a eucaryotic transcriptional activator protein, and said 
polynucleotide molecule being operably linked to an inducible rninimal promoter, 
which promoter contains at least one tet operator sequence; and a second 
container means contains a second polynucleotide molecule encoding said 
inducible minimal promoter, which promoter contains at least one tet operator 
sequence, which tet operator sequence is strategically positioned for being 
operably linked to a heterologous polynucleotide sequence encoding a 
polypeptide. 

The seventh embodiment of the invention relates to a kit comprising a 
carrier means having in close confinement therein at least two container means, 
wherein a first container means contains a eucaryotic cell transfected with a first 
polynucleotide molecule encoding a tetracycline transactivator fusion protein, 
said protein comprising a procaryotic tet repressor and a eucaryotic 
transcriptional activator protein, and said polynucleotide molecule being operably 
linked to an inducible minimal promoter, which promoter contains at least one tet 
operator sequence; and a second container means contains a second 
polynucleotide molecule comprising an inducible minimal promoter, which 
promoter contains at least one tet operator sequence, which tet operator sequence 
is strategically positioned for being operably linked to a heterologous 
polynucleotide sequence encoding a heterologous polypeptide. 
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The polynucleotides described in this invention and cell lines containing 
said polynucleotides are research tools which allow one to tightly and 
quantitatively control the expression of a large variety of genes. This is of 
interest in broad areas of basic as well as applied research. 
5 The invention also relates to the construction of eucaryotic production cell 

lines and strains in which the synthesis of the product, RNA or protein, is 
controlled by the tet regulatory system. These cell lines and strains allow one to 
induce protein synthesis at a predetermined time point or within a time window 
during a fermentation process. This control allows one to synthesize in large 

10 scale cultures gene products whose prolonged presence is lethal to the cells. 

Alternatively, the cells allow one to induce production of RNA when it is 
desirable to generate RNA molecules used to achieve a variety of cellular tasks, 
regulation, and function. Induction of RNA production can be controlled where, 
for example, the RNA are used as antisense oligos to inhibit the function of a 

15 gene which is either homologous or heterologous to the cell. 

The invention also relates to the construction of cell lines which can be 
used in screening systems to identify compounds of pharmaceutical or other 
commercial value. In such systems, the expression of target molecules including 
but not limited to receptors such as the GABA or estrogen receptor, whose long 

20 term presence, in particular, in high copy numbers is often cell damaging, can be 

temporarily and quantitatively controlled. 

The invention also relates to the construction of transgenic animals in 
which the expression of a single gene can be controlled externally by the tet 
regulatory system. Such genes include human genes whose expression, failure 

25 of expression, or other defects are involved in human diseases. Such transgenic 

animals can serve as models for human diseases in therapeutic studies and for the 
screening of compounds of pharmaceutical interest. The invention also relates 
to the construction of transgenic animals for the production of compounds of 
pharmaceutical or other commercial interest. 
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Another important application of this system makes possible the temporal 
control of gene expression, where for example, the gene of interest is introduced 
into a cell, animal, or plant to compensate for lethal knock out of certain genes 
in the transgene. Using the system to introduce a copy of the gene which has 
been suppressed or deactivated, enough protein or RN A can be produced to allow 
growth and development of the cell or the plant or animal until a time at which 
it is desired to shut off production of the gene and carry out the manipulations 
that require the lethal knock out of said gene. 

Brief Description of the Figures 

Figure 1 is a schematic representation depicting the autoregulatory 
strategy for inducible gene expression. Autoregulatory expression of tTA is 
accomplished in pTet-tTAk by placing the tTAk gene (white box) under the 
control of Tetp consisting of seven copies of the tetracycline operator sequence 
(Tet-op; dark shaded box) upstream of the minimal human cytomegalovirus 
(hCMV) promoter region containing a TATA box and transcription start site 
(black circle). The luciferase reporter gene (shaded box) of pUHC13-3 is also 
controlled by the Tetp promoter. The tTA protein is shown as two adjoining 
striped boxes to represent the two domains of the protein (for DNA binding and 
transactivation). In the presence of tetracycline (left panel), the basal activity of 
the minimal hCMV promoter results in expression of very low levels of the tTA 
protein (represented as a small tTA icon), and any tTA protein produced is 
blocked from binding to Tet-op. Both luciferase and tTA expression are therefore 
maintained at low levels (thin, short dashed lines). When tetracycline is removed 
(right panel), the small amounts of tTA present bind Tet-op, stimulating 
expression of the tTA gene. Higher levels of the tTA protein now stimulate 
higher levels of tTA and thus, luciferase expression (heavy, long dashed lines). 

Figures 2A and 2B are bar graphs which depict inducible V(D)J 
recombination in NIH3T3 fibroblasts. 
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Figure 2A depicts a bar graph analysis of clones containing 
pcDNA-tTAk (constitutive tTA expression). Seventeen stable transfectant clones 
(Sl-1 to SI -17) were derived and assayed for the ability to carry out V(D)J 
recombination by transient co-transfection with a V(D)J recombination substrate 
and Tetp-controlled RAG-1 and RAG-2 expression vectors. Parallel transfections 
were performed in the presence (Tet+) and absence (Tet-) of tetracycline in the 
growth media, and the V(D)J recombination frequency (expressed as a percent) 
was deterrnined as described in Materials and Methods. For comparison, four 
control assays performed in NIH3T3 cells are also shown (first two samples): 
transfection of the recombination substrate in the absence of RAG- 1 and RAG-2, 
with and without tetracycline, and co-transfection of the recombination substrate 
with constitutive RAG expression vectors, with and without tetracycline. 
Tetracycline had no effect on V(D) J recombination frequency when RAG- 1 and 
RAG-2 were expressed from constitutive hCMV promoters. Fold induction 
achieved by removing tetracycline is indicated above the bars in cases where 
clearly detectable recombination was observed. 

Figure 2B depicts a bar graph analysis of clones containing pTet- 
tTAk (autoregulatory tTA expression). Ten stable transfectant clones (S2-1 to 
S2-10) and two clones containing pTet-tTAk, pTet-RlA/C and pTet-R2A (S4-9 
and S4-5) were assayed for the ability to carry out V(D)J recombination as 
described above. The first two samples are the same control samples described 
in Fig. 2 A. Note the difference in the recombination frequency axis scale 
between Fig. 2 A and Fig. 2B. Asterisks (*) mark two Tet+ transfections that 
yielded very small numbers of ampicillin resistant colonies, making the 
calculated recombination frequency unreliable. Consequently, the fold- 
inducibility for these clones is not shown. The number of ampicillin resistant 
colonies was low in these experiments (range, 350-55,550). Based on additional 
assays on some of the cell lines, we estimate that the reported recombination 
frequencies are as much as two fold overestimates in both Fig. 2 A and Fig. 2B. 
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Figures 3 A, 3B, and 3C are photographs of RNA blots and a Western 
blot depicting the detection of mRNA and protein expression activated using the 
inducible, autoregulatory system. 

Figure 3A is a photograph of a RNA blot of total cell RNA from 
S4-9 (stable co-transfectant of pTet-tTAk, pTet-RlA/C, and pTet-R2A) cultured 
23h in the presence or absence of tetracycline, and S2-6 (stable transfectant of 
pTet-tTAk) transiently transfected with either pTet-Rl or pTet-R2 and cultured 
for 48 hours in the presence or absence of tetracycline. Blots were sequentially 
hybridized with probes detecting tTAk, RAG-1 and/or RAG-2, and y-actin 
mRNA. 

Figure 3B is a photograph of a Western blot of cell extracts from 
S2-6 cells cultured for 48 hours in the presence or absence of tetracycline. Blot 
was probed with anti-tet R antibody-containing hybridoma supernatant which 
detects the tTA protein. The dye front is indicated. 

Figure 3C is a photograph of a blot of total cell RNA from thymus 
(T) and lung (L) of pTet-tTAk/Tet-luciferase transgenic mice maintained for 7 
days in the presence or absence of tetracycline in their drinking water. 
Approximately 20 u.g of RNA was loaded per lane. 

Figure 4 is a graph depicting inducible luciferase activity in tissues of 
transgenic mice. Values represent the relative light units (rLU) (with lysis buffer 
background subtracted) per mg protein in tissue lysates from 4-7 week old mice 
maintained for 7-8 days in the presence or absence of tetracycline in their 
drinking water. Open triangles are transgene negative mice; open circles are 
uninduced transgene positive mice; and closed circles are induced transgene 
positive mice. Mice were genetically identical with respect to the transgenes. 
Results are compiled from three separate experiments. 

Figure 5 is a graph depicting the ability of pTet-tTAk to induce 
expression of luciferase activity in a transfected fibroblast cell line. pUHC13-3 
was co-transfected with either pTet-tTAk or pcDNA-tTAk into NIH3T3 
fibroblast cells, and 48 hours later the cells were harvested and the luciferase light 
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units present in the extracts was measured. pTet-tTAk transfections were 
performed in the presence and absence of tetracycline (tet), while pcDNA-tTAk 
transfection was performed only in the absence of tet. It is important to note that 
the luciferase values have not been corrected for transfection efficiency. In 
addition, under the conditions used, pcDNA-tTAk would replicate inside the cells 
while pTet-tTAk would not. Therefore, comparisons between the values obtained 
with pTet-tTAk and pcDNA-tTAk are not meaningful. 

Figure 6 is a photograph of an autoradiograph depicting loss of tTA 
protein at 16 days without tetracycline in S2-6 cells. Figure 6 is a photograph of 
a Western blot of cell extracts from cultured S2-6 and S2-1 cell lines. First lane: 
marker proteins (no bands, visible); second and third lanes: S2-6 cells grown in 
the absence of tet for 16 days; fourth and fifth lanes: S2-6 cells grown in the 
presence of 0.5 ug/ml tet for 16 days; sixth lane: S2-1 cells grown in the presence 
of 0.5 fj.g/ml tet for 16 days; and seventh lane: S2-6 cells grown in the absence of 
tet for 2 days. A signal for the tTA protein is seen in S2-6 cells grown in the 
absence of tet for 2 days, but not in the same cells cultured in the absence of tet 
for 16 days. The band seen at the bottom in lanes 2-7 ("protein front") is the dye 
front and represents a non-specific signal. 

Figure 7 is a schematic depiction of the construction of pCMV-tTAk, 
pcDNAI-neo, and pcDNA-tTAk. 

Figure 8 is a schematic depiction of the construction of pTet-Splice and 
pTet-tTAk. 

Figure 9A depicts a restriction map of pTet-Splice. Cloning sites are 
shown in boldface print. Note that there are two EcoRI sites. 

Figures 9B-9G depict the nucleotide sequence of pTet-Splice (SEQ ID 
NO — ). 

Figure 10A depicts a restriction map of pTet-tTAk. 
Figures 10B-10G depict the nucleotide as well as partial amino acid 
sequence of pTet-tTAk (SEQ ID NO — ). 

Fi gure 11 A depicts a restriction map of pUHD15-l. 
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Figures 11B-11F depict the nucleotide as well as partial amino acid 
sequence of pUHD15-l. 

Figure 12A depicts a restriction map of pUHC-13-3. 
Figures 12B-12F depict the nucleotide as well as partial amino acid 
5 sequence of pUHC-13-3 (SEQ ID NO — ). 

Detailed Description of the Preferred Embodiments 

A system for tetracyc line-regulated inducible gene expression was 
described recently which relies on constitutive expression of a transactivator 
fusion protein (tTA) consisting of the DNA binding domain of the tetracycline 

10 repressor and the transcriptional activation domain of VP 16 ( U.S. patent 

application serial number 08/076,726, herein incorporated by reference in its 
entirety; Gossen, M. & Bujard, H., Proc. Natl Acad. Sci. USA 59:5547-5551 
(1992)). This system yielded only low levels of transactivator protein, probably 
because tTA is toxic. To avoid this difficulty, the tTA gene was placed under the 

15 control of the inducible promoter to which tTA binds, making expression of tTA 

itself inducible and autoregulatory. 

When used to drive expression of the recombination activating genes 
RAG-1 and RAG-2, the autoregulatory system yielded both substantially higher 
levels of V(D)J recombination activity (70 fold on average) and inducible 

20 expression in a much larger fraction of transfected cells (autoregulatory, 90% vs. 

constitutive, 1 8%). In addition, this system allowed the creation of inducible 
transgenic mice in which expression of a luciferase transgene was induced tens 
to hundreds fold the basal levels in most tissues examined. Induced levels of 
expression were highest in thymus and lung and appear to be substantially higher 

25 than in previously reported inducible luciferase transgenic mice created with the 

constitutive system. With the modified system, inducible transactivator mRNA 
and protein were easily detected in cell lines by RNA and western blotting, and 
transactivator mRNA was detected by RNA blotting in some tissues of transgenic 
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mice. This autoregulatory system represents an improved strategy for tetracycline 
regulated gene expression both in cultured cells and in transgenic animals. 

As mentioned above, the inducible tetracycline expression system 
described recently (Gossen, M & Bujard, H., Proc. Natl. Acad Sci. USA 
5 89:5547-5551 (1 992)) relies on constitutive expression of the tTA gene from a 

fully functional human cytomegalovirus (hCMV) promoter, and a luciferase 
reporter gene under the control of the inducible promoter Tetp. In this system, 
tetracycline prevents the activation of luciferase gene expression, but does not 
prevent the tTA protein from exerting potentially deleterious effects on cells 

10 (Gill, G. & Ptashne, M, Nature (London) 554:721-724 (1988)). 

Hence, in the autoregulatory plasmid pTet-tTAk, a modified tTA gene 
called tTAk was placed under the control of Tetp (Figure 1). Tetracycline 
prevents tTA from binding to Tetp, preventing expression of both tTA and 
luciferase. This negative feedback cycle ensures that little or no tTA is produced 

15 in the presence of tetracycline, thereby reducing or eliminating possible toxic 

effects. When tetracycline is removed, however, this strategy predicts that tiny 
amounts of tTA protein (which may result from the leakiness of the minimal 
promoter), will bind to Tet-op and stimulate expression of the tTAk gene. A 
positive feedforward loop is initiated which in turn leads to higher levels of 

20 expression of tTA and thus, luciferase (Figure 1). For constitutive expression of 

tTA, the tTAk gene was placed under the control of the hCMV promoter, 
followed with additional sequences to direct RNA splicing and polyadenylation 
of the tTA transcript. This plasmid (pcDNA-tTAk) also includes the neo gene, 
which allows for selection of the plasmid in mammalian cells. 

25 The present invention relates to an autoregulatory control system that in 

eucaryotic cells allows regulation of expression of an individual gene over 200 
to 3700 fold. This system is based on regulatory elements of a tetracycline- 
resistance operon, e.g. Tn/0 of E. coli (Hillen & Wissmann, "Topics in Molecular 
and Structural Biology," in Protein-Nucleic Acid Interaction, Saeger & 

30 ; Heinenia m i, e ik ., Ma u mlldii, London, 1989, Vol. 10 , pp . 1 4 3 - 162), in wh ic h 
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transcription of resistance-mediating genes is negatively regulated by a 
tetracycline repressor (tetR). In the presence of tetracycline or a tetracycline 
analogue, tetR does not bind to its operators located within the promoter region 
of the operon and allows transcription. By combining tetR with a protein domain 
capable of activating transcription in eucaryotes, such as (i) acidic domains (e.g. 
the C-terminal domain of VP 16 from HSV (Triezenberg et al , Genes Dev. 2:718- 
729 (1988)) or empirically determined, non-eucaryotic acidic domains identified 
by genetic means (Giniger and Ptashne, Nature 330:670-672 (1987))) or (ii) 
proline rich domains (e.g. that of CTF/NF-1 (Mermod et al, Cell 55:741-753 
(1989))) or (iii) serine/threonine rich domains (e.g. that of Oct-2 (Tanaka and 
Herr, Cell (50:375-386 (1990))) or (iv) glutamine rich domains (e.g. that of Spl 
(Courey and Tjian, Cell 55:867-898 (1988))) a hybrid transactivator is generated 
that stimulates minimal promoters fused to tetracycline operator (tetO) sequences. 
These promoters are virtually silent in the presence of low concentrations of 
tetracycline, which prevents the tetracycline-controlled transactivator (tTA) from 
binding to tetO sequences. 

The specificity of the tetR for its operator sequence (Hillen & Wissmann, 
"Topics in Molecular and Structural Biology," in Protein-Nucleic Acid 
Interaction, Saeger & Heinemann, eds., Macmillan, London, 1989, Vol. 10, 
pp. 143-162) as well as the high affinity of tetracycline for tetR (Takahashi et al, 
J. Mol Biol 757:341-348 (1986)) and the well-studied chemical and 
physiological properties of tetracyclines constitute a basis for an autoregulatory 
inducible expression system in eucaryotic cells far superior to the focR/O/IPTG 
system. 

In particular, the invention relates to a first polynucleotide molecule 
coding for a transactivator fusion protein comprising the tet repressor (tetR) and 
a protein domain capable of activating transcription in eucaryotes. wherein the 
first polynucleotide molecule is operably linked to an inducible minimal 
promoter, which promoter contains at least one tet operator sequence. The 
polynucleotide coding for tetR may be obtained according to Postle et al. , Nucl. 
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Acids Res. 72:4849-4863 (1984), the contents of which are fully incorporated by 
reference herein. Other tetR sequences and the respective binding sites for these 
repressors are identified (Waters et al, Nucl Acids Res. 77:6089-6105 (1983); 
Postle et al, Nucl Acids Res. 72:4849-4863 (1984); linger et al, Gene 57:103- 
5 108 (1984); Unger et al, Nucl Acids Res. 72:7693-7703 (1984); Tovar et al, 

Mol Gen. Genet. 275:76-80 (1988); for comparison and overview see Hillen and 
Wissmann in Protein-Nucleic Acid Interaction, Topics in Molecular and 
Structural Biology, Saenger and Heinemann (eds.), Macmillan, London, Vol. 10, 
pp. 143-162 (1989)) and can also be utilized for the expression system described. 

10 The polynucleotide coding for the negatively charged C-terminal domain 

of HSV-16, a protein known to be a powerful transcription transactivator in 
eucaryotes, may be obtained according to Triezenberg et al, Genes Dev. 2:71 8- 
729 (1988), the contents of which are fully incorporated by reference herein. 
Preferably, the activating domain comprises the C-terminal 130 amino acids of 

15 the virion protein 16. 

The polynucleotide molecule coding for tetR may be linked to a 
polynucleotide molecule coding for the activating domain of HSV-16 and 
recombined with vector DNA in accordance with conventional techniques, 
including blunt-ended or stagger-ended termini for ligation, restriction enzyme 

20 digestion to provide appropriate termini, filling in of cohesive ends as 

appropriate, alkaline phosphatase treatment to avoid undesirable joining, and 
ligation with appropriate ligases. 

The tetO sequence may be obtained, for example, according to Hillen & 
Wissmann, "Topics in Molecular and Structural Biology," in Protein-Nucleic 

25 Acid Interaction, Saeger & Heinemann, eds., Macmillan, London, 1989, Vol. 10, 

pp. 143-162, the contents of which are fully incorporated by reference herein. 
Other tetO sequences which may be used in the practice of the invention may be 
obtained from the references given in the following (Waters et al, Nucl Acids 
Res. 77:6089-6105 (1983); Postle etal, Nucl Acids Res. 72:4849-4863 (1984); 
30 Unger et al , Gene 57 : 103 - 108 (1984), Ungei et al, Nucl Acids Re s . 72:7 6 93- 
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7703 (1984); Tovar et al,Mol Gen. Genet 275:76-80 (1988); for comparison 
and overview see Hillen and Wissmann in Protein-Nucleic Acid Interaction, 
Topics in Molecular and Structural Biology, Saenger and Heinemann (eds.), 
Macmillan, London, Vol. 10, pp. 143-162 (1989)), the disclosures of which are 
fully incorporated by reference herein in their entirety. One, two, three, four, 
five, six, seven, eight, nine or ten or more copies of the tet operator sequence may 
be employed, with a greater number of such sequences allowing an enhanced 
range of regulation. Multiple copies of the tet operator sequence provides a 
synergistic effect on the ability to control expression of the heterologous protein. 

The polynucleotide sequence specifying the cytomegalovirus promoter 
may be obtained according to Boshart et al, Cell 47:521-530 (1985), the contents 
of which are fully incorporated by reference herein. Preferably, positions +75 to 
-53 or +75 to -3 1 of the promoter-enhancer may be employed. The promoter may 
be followed by a poly linker and then by the gene coding for the tetracycline 
transactivator fusion protein. 

The invention also relates to an autoregulatory tetracycline-regulated 
system for inducing gene expression in eucaryotes, wherein a second 
polynucleotide molecule is introduced into the host. The second polynucleotide 
molecule encodes a protein of interest, wherein said polynucleotide is operably 
linked to a minimal promoter operatively linked to at least one tet operator (tetO) 
sequence. The minimal promoter linked to at least one tetO sequence is obtained 
as described above with regard to the first polynucleotide molecule. The 
difference between the first and the second polynucleotide molecules is that the 
promoter may be followed by a poly linker and then by the gene encoding the 
protein of interest. While the luciferase gene or other reporter genes may be used 
to demonstrate the operability of the regulatory system, the invention is not 
intended to be so limited. 

The invention further relates to homologous and heterologous genes 
involved in developmental and differentiation processes, as well as in metabolic 
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pathways ensuring cellular function and communication. It relates furthermore 
to cellular systems utilized in the production of substances of commercial interest, 
including, but not limited to immunoglobulins, components of the cytoskeleton, 
cell adhesion proteins, receptors, cytokines peptide hormones and enzymes. 
5 The present invention also relates to eucaryotic cells transfected with the 

polynucleotide molecules of the present invention. In particular, the invention 
relates to eucaryotic cells transfected with 

(a) a first polynucleotide molecule coding for a transactivator fusion 
protein comprising a prokaryotic tet repressor and a protein capable of activating 

10 transcription in eucaryotes, wherein said first polynucleotide molecule is operably 

linked to a minimal promoter and at least one tet operator sequence; and 

(b) a second polynucleotide molecule coding for a protein, wherein 
said second polynucleotide molecule is operably linked to a minimal promoter 
and at least one tet operator sequence. 

15 The two polynucleotide molecules may reside on the same or separate 

vectors. In a preferred embodiment, the first polynucleotide is integrated into the 
chromosome of a eucaryotic cell or transgenic animal and the second 
polynucleotide is introduced as part of a vector. Integration may be achieved 
where there is crossover at regions of homology shared between the incoming 

20 polynucleotide molecule and the particular genome. 

The expression of the heterologous protein from such transfected 
eucaryotic ceils may be tightly regulated. Unexpectedly, it has been determined 
that the autoregulatory expression system of the present invention may be used 
to induce expression by greater than 200 to 3700 fold, compared to greater than 

25 50 to 1 00 fold increase observed when the constitutive expression system is used. 

In addition, it has been discovered that the expression system of the present 
invention allows one to rapidly turn on and off the expression of the heterologous 
gene in a reversible way. Moreover, it has been discovered that the expression 
system of the invention allows one to achieve a desired level of expression 
"30 according t o h o w m u c h IcU a c y cIi nc o r tet racycline analogu e is e mplo ye d. Thus, 
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the autoregulatory expression system of the present invention is a great advance 
in the art. 

The invention also relates to a method to decrease or to shut off 
(deactivate) the expression of a protein coded for by a polynucleotide, comprising 
cultivating the transfected eucaryotic cells of the present invention in a medium 
comprising tetracycline or a tetracycline analogue. It is possible to closely 
control the extent of expression by carefully controlling the concentration of 
tetracycline or tetracycline analogue in the culture media. As little as 0.0001 
ug/ml of tetracycline will begin to result in a decrease of polypeptide (luciferase) 
expression. At about 0.1-1.0 u.g/ml the expression is essentially shut off. The 
concentration of tetracycline or tetracycline analog which can be used to regulate 
the expression level may range from about 0.0001 to about 1 (ag/ml. 

The invention also relates to a method to turn on (activate) or to increase 
the expression of a protein coded for by a polynucleotide, comprising cultivating 
the eucaryotic cell of the invention in a medium lacking tetracycline or a 
tetracycline analogue. 

Media which may be used in the practice of the invention include any 
media which are compatible with the transfected eucaryotic cells of the present 
invention. Such media are commercially available (Gibco/BRL). 

The invention also relates to transgenic animals comprising one or two of 
the polynucleotide molecules of the present invention. Such transgenic animals 
may be obtained, for example, by injecting the polynucleotide into a fertilized egg 
which is allowed to develop into an adult animal. In particular, a few hundred 
DNA molecules are injected into the pro-nucleus of a fertilized one cell egg. The 
microinjected eggs are then transferred into the oviducts of pseudopregnant foster 
mothers and allowed to develop. It has been reported by Brinster et al, Proc. 
Natl Acad Set USA 52:4438-4442 (1985), the contents of which are fully 
incorporated by reference herein, that about 25% of mice which develop will 
inherit one or more copies of the microinjected DNA. Alternatively, the 
transgenic animals may be obtained by utilizing recombinant ES cells for the 
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generation of the transgenes, as described by Gossler et aL, Proc. Natl. Acad ScL 
USA 55:9065-9069 (1986), the contents of which are fully incorporated by 
reference herein. Animals transgenic for the gene encoding a teriR/transcriptional 
activator domain fusion protein under the transcriptional control of at least one 
Tet-op sequences described above and/or the gene under control of this regulatory 
protein can be generated e.g. by the coinjection of the two polynucleotide 
molecules. Alternatively, independent animal lines transgenic for only one of the 
polynucleotides described can be generated in a first step: 

(i) Animals transgenic only for the gene encoding the desired 
heterologous protein to be controlled by the transactivator can be screened for the 
desired nonactivated expression level. This includes indicator animals transgenic 
for a reporter gene (e.g. cat, luc, lacZ) under transcriptional control of the 
re/R/transcriptional activator domain fusion protein dependent minimal promoter, 
which are easy to screen for integration sites showing the desired, in general a 
low level basal expression. If advantageous, these empirically determined loci 
can be used subsequently for a homologous recombination approach (Mansour 
et al, Nature 556:348-352 (1988)), by which the reporter gene is substituted by 
a respective gene of interest in the previously analyzed integration site. 

(ii) Animals transgenic only for a gene encoding a tefR/transcriptional 
activator domain fusion protein can be analyzed for the desired expression pattern 
of the regulator protein. 

Subsequently, the desired double transgenic animals are obtained by 
breeding the two complementary transgenic animal lines. 

The Definitions 

In the description that follows, a number of terms used in recombinant 
DNA technology are utilized extensively. In order to provide a clear and 
consistent understanding of the specification and claims, including the scope to 
-be given s uch Lenns, die folio wing -defmitions-a r c p rovid e d : 
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Expression: Expression is the process by which a polypeptide is 
produced from a structural gene. The process involves transcription of the gene 
into mRNA and the translation of such mRNA into polypeptide(s). 

Autoregulatory expression vector: It refers to the invention as described 
herein. A modified tTA gene called tTAk is placed under the control of Tetp 
(Figure 1). Tetracycline prevents tTA from binding to Tetp, preventing 
expression of both tTA and thus the desired protein (such as luciferase in Figure 
1). This negative feedback cycle ensures that little or no tTA is produced in the 
presence of tetracycline, thereby reducing or eliminating possible toxic effects. 
When tetracycline is removed, however, this strategy predicts that tiny amounts 
of tTA protein (which may result from the leakiness of the minimal promoter), 
will bind to Tet-op and stimulate expression of the tTAk gene. A positive 
feedforward loop is initiated which in turn leads to higher levels of expression of 
tTA and thus, luciferase (Figure 1). 

Optimal context for translational initiation: consists of the ATG 
methionine initiation codon, plus flanking nucleotides as defined by: Kozak, M., 
Cell 44:283-292 (1986). The sequence is: CC(A or G)CCATGG, with the 
initiation codon shown in bold. This sequence provides for the most efficient 
initiation of translation by the translation machinery. 

Promoter: A DNA sequence generally described as the region 5' of a 
gene, located proximal to the start site of transcription. The transcription of an 
adjacent gene(s) is initiated at the promoter region. If a promoter is an inducible 
promoter, then the rate of transcription increases in response to an inducing agent. 
In contrast, the rate of transcription is not regulated by an inducing agent if the 
promoter is a constitutive promoter. 

Inducible Minimal Promoter: It refers to the minimum number of 
nucleic acids from a promoter sequence, which in combination with other 
regulatory elements, is capable of initiating transcription. A minimal promoter, 
at the minimum, defines the transcription start site but by itself is not capable, if 
at all, of initiating transcription efficiently. The activity of such minimal 
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promoters depend on the binding of activators such as a tetracy.cline-controlled 
transactivator to operably link binding sites. 

V(D) J Recombination: So called for the variable (V), diversity (D), and 
joining (J) gene segments used in recombination, it is a process by which the 
developing lymphocytes begin to generate their enormous range of binding 
specificities from a limited amount of genetic information. It is known to 
assemble seven different loci in developing lymphocytes: u, k, and k in B cells, 
and a, p, y, and 6 in T cells (for reviews see Blackwell and Alt (1988), 
Immunoglobulin genes, In Molecular Immunology, Hames and Glover, eds. 
(Washington, D.C.: IRL Press), pp. 1-60; Davis and Bjorkman, Nature 334:395- 
402 (1988); Raulet, D.H., Annu. Rev. Immunol 7:175-207 (1989)). 

RAG-1 andRAG-2: RAG-1 (recombination activating gene-1) and RAG- 
2 are genes co-expressed in maturing lymphocytes. Expression of both genes is 
absolutely required for V(D)J recombination and lymphocyte development 
When transfected together into fibroblasts, RAG-1 and RAG-2 induce V(D)J 
recombination activity. The RAG-1 and RAG-2 genes lie adjacent to each other 
in the vertebrate genome and encode unrelated proteins. Both RAG-1 and RAG-2 
are conserved between species that carry out V(D)J recombination, and their 
expression pattern correlates precisely with that of V(D)J recombinase activity. 

Founder: It is the original (first generation) transgenic animal, i.e. an 
animal carrying a transgene, which has been made by manipulating the genome 
of a fertilized egg and implanting the egg into a pseudopregnant animal. 

Operator: It is the site on DNA at which a repressor protein binds to 
prevent transcription from initiating at the adjacent promoter. 

Operon: is a unit of bacterial gene expression and regulation, including 
structural genes and control elements in DNA recognized by regulator gene 
product(s). 

Repressor: It is a protein that binds to operator on DNA or to RNA to 
prevent transcription or translation, respectively. 



WO 96/40946 



PCT/US96/10109 



-21- 

Repression: is the ability of an organism to prevent synthesis of certain 
enzymes when their products are present: more generally, refers to inhibition of 
transcription (or translation) by binding of repressor protein to specific site on 
DNA (or mRNA). 

Open Reading Frame (ORF): contains a series of triplets coding for 
amino acids without any termination codons; sequence is (potentially) 
translatable into protein. 

Heterologous Protein: is a protein that does not naturally occur in the 
specific host organism in which it is present. 

Unique Restriction site: refers to a single occurrence of a site on the 
nucleic acid that is recognized by a restriction enzyme. 

Tetracycline Transactivator Fusion Protein: A hybrid fusion protein, 
the tetracycline transactivator (tTA), combines the tetR DNA binding domain 
with the transcriptional activation domain of VP- 1 6, such that when tTA binds 
to a minimal promoter containing tetO sequences, transcription of the target gene 
is activated. Tetracycline binding to tTA prevents activation presumably by 
causing a conformational change in the tetR portion of tTA which blocks binding 
of tTA to tetO (Hinrichs, W., et al, Science 264:41 8-420 (1 994)); gene activation 
is achieved by removing tetracycline (Gossen, M. & Bujard, H., Proc. Natl Acad. 
Set USA 89:5547-5551 (1992)). 

Domain: of a protein is a discrete continuous part of the amino acid 
sequence that can be equated with a particular function. 

Cloning vector: A plasmid or phage DNA or other DNA sequence which 
is able to replicate autonomously in a host cell, and which is characterized by one 
or a small number of restriction endonuclease recognition sites at which such 
DNA sequences may be cut in a determinable fashion without loss of an essential 
biological function of the vector, and into which a DNA fragment may be spliced 
in order to bring about its replication and cloning. The cloning vector may 
further contain a marker suitable for use in the identification of cells transformed 
with the cloning vector. 
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Expression vector: A vector similar to a cloning vector but which is 
capable of enhancing the expression of a gene which has been cloned into it, after 
transformation into a host. The cloned gene is usually placed under the control 
of (i.e., operably linked to) certain control sequences such as promoter sequences. 
5 Promoter sequences may be either constitutive or inducible. 

Eucaryotic Cell: According to the invention, a eucaryotic cell may be a 
cell of any eucaryotic organism including, but not limited to, yeast, plant cells, 
insect cells, e.g. Schneider and Sf9 cells; mammalian cells, e.g. lymphoid and 
HeLa cells (human), NIH3T3 and embryonic stem cells (murine), and RK13 
10 (rabbit) cells. 

Recombinant Eucaryotic Host: According to the invention, a 
recombinant eucaryotic host may be any eucaryotic cell which contains the 
polynucleotide molecules of the present invention on an expression vector or 
cloning vector. This term is also meant to include those eucaryotic cells that have 
15 been genetically engineered to contain the desired polynucleotide molecules in 

the chromosome, genome or episome of that organism. Thus, the recombinant 
eucaryotic host cells are capable of stably or transiently expressing the proteins. 

Recombinant vector: Any cloning vector or expression vector which 
contains the polynucleotide molecules of the invention. 
20 Host: Any prokaryotic or eucaryotic cell that is the recipient of a 

replicable vector. A "host," as the term is used herein, also includes prokaryotic 
or eucaryotic cells that can be genetically engineered by well known techniques 
to contain desired gene(s) on its chromosome or genome. For examples of such 
hosts, see Sambrook et al, Molecular Cloning: A Laboratory Manual, Second 
25 Edition, Cold Spring Harbor Laboratory, Cold Spring Harbor, New York (1989). 

Gene: A DNA sequence that contains information needed for expressing 
a polypeptide or RNA molecule, including an RNA molecule which is not 
translated into polypeptide and functions as RNA, e.g., ribosomal genes. 
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Structural gene: A DNA sequence that is transcribed into messenger 
RNA (mRNA) that is then translated into a sequence of amino acids characteristic 
of a specific polypeptide. 

Polynucleotide molecules: A polynucleotide molecule may be a 
polydeoxyribonucleic acid molecule (DNA) or a polyribonucleic acid molecule 
(RNA). 

Complementary DNA (cDNA): A "complementary DNA," or "cDNA" 
gene includes recombinant genes synthesized by reverse transcription of mRNA 
and from which intervening sequences (introns) have been removed. 

Fragment: A "fragment" of a polypeptide or a polynucleotide molecule 
is meant to refer to any polypeptide or polynucleotide subset of that molecule. 

Tetracycline Analogue: A "tetracycline analogue" is any one of a number 
of compounds that are closely related to tetracycline and which bind to the tet 
repressor with a of at least about 10 6 M* 1 . Preferably, the tetracycline analogue 
binds with an affinity of about 10 9 M* 1 or greater, e.g. 10 U M"'. Examples of such 
tetracycline analogues include, but are not limited to those disclosed by Hlavka 
and Boothe, "The Tetracyclines," in Handbook of Experimental Pharmacology 
78, R.K. Blackwood et al (eds.), Springer- Verlag, Berlin-New York, 1985; L.A. 
Mitscher, "The Chemistry of the Tetracycline Antibiotics," Medicinal Research 
9, Dekker, New York, 1978; Noyee Development Corporation, "Tetracycline 
Manufacturing Processes," Chemical Process Reviews, Park Ridge, N.J., 2 
volumes, 1969; R.C. Evans, "The Technology of the Tetracyclines," Biochemical 
Reference Series 1, Quadrangle Press, New York, 1968; and H.F. Dowling, 
"Tetracycline," Antibiotics Monographs, no. 3, Medical Encyclopedia, New 
York, 1955; the contents of each of which are fully incorporated by reference 
herein. 
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Comparison of the constitutive and autoregulatory inducible expression 
systems in cultured cells 

After confirming that pcDNA-tTAk and pTet-tTAk could direct high 
levels of expression of luciferase activity, and that expression directed by pTet- 
tTAk was inducible {see Figure 5), the functional properties of these plasmids 
were compared in a more stringent assay: the ability to express high levels of the 
proteins encoded by the recombination activating genes RAG-1 and RAG-2 
(Schatz, D. G. etal, Cell 59: 1035-1048 (1989); Oettinger, M. A. et al, Science 
248: 1517-1523 (1990)). During lymphoid development, RAG-1 and RAG-2 
participate in the assembly of functional immunoglobulin and T cell receptor 
genes from component variable (V). diversity (D) and joining (J) gene segments, 
a process known as V(D)J recombination. Most important for the experiments 
described here, RAG- 1 and RAG-2 are necessary and sufficient to activate the 
V(D)J recombinase in non- lymphoid cells (reviewed in Schatz, D. G. et al , Annu. 
Rev. Immunol. 70:359-383 (1 992)), and the activity of the V(D)J recombinase can 
be quantitatively assayed using extrachromosomal recombination substrates 
(Hesse, J. E. et al., Cell 49:775-783 (1987)). 

Extensive efforts to express RAG-1 and RAG-2 in NIH3T3 fibroblast 
cells using a variety of promoters have revealed that it is difficult to achieve a 
recombination frequency (Rn) of greater than a few percent, as assayed with 
standard extrachromosomal recombination substrates (Sadofsky, et al., Nuc. 
Acids. Res. 22:1805-1809 (1994); Sadofsky, et al, Nuc. Acids. Res. 21:5644- 
5650 (1993); Cuomo and Oettinger, Nuc. Acids. Res. 22:1810-1814 (1994)). Only 
high titer RAG-retro viruses developed by others have reproducibly shown the 
ability to achieve an Rn as high as 10% (Silver, D. P. et al. , Proc. Natl. Acad. Sci. 
USA 90:6 100-6 104 (1993)). What is clear, however, is that Rn correlates 
strongly with RAG expression levels over at least three orders of magnitude (Rn 
from 0.01% to well above 10%; Oltz, E. M., et al., Mol. Cell Biol 75(10):6223- 
6230 (1993)). Thus the ability to express the RAG proteins, as measured by 
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V(D)J recombinase activity, is an appropriate test of an inducible expression 
system both because of the difficulties that have been encountered in expressing 
the proteins and because of the sensitivity and range of the assay. 

NIH3T3 fibroblast clones stably transfected with pcDNA-tTAk (17 
clones) or with pTet-tTAk (10 clones) were tested for their ability to perform 
V(D)J recombination after transient transfection with a recombination substrate 
and Tetp-regulated RAG-1 and RAG-2 (Figure 2), Each clone was assayed in 
parallel in the presence (uninduced state) or absence (induced state) of 
tetracycline and the results compared to control transfections either lacking RAG- 
1 or RAG-2 (first sample in Figures 2A and 2B) or containing highly active, 
constitutive RAG expression constructs (in which RAG expression is driven by 
the hCMV promoter; second sample in Figures 2A and 2B). In addition, two 
NIH3T3 clones stably transfected with pTet-tTAk and the Tetp-regulated RAG 
expression vectors were assayed by transient transfection of the recombination 
substrate in the presence or absence of tetracycline (last two samples in Figure 
2B). 

The autoregulatory expression system (pTet-tTAk) represents a 
substantial improvement over the constitutive expression system (pcDNA-tTAk). 
Only 3 of 17 (18%) pcDNA-tTAk transfectants had clearly detectable levels of 
V(D)J recombination (Figure 2A), with the highest levels of recombination (in 
clone Sl-17) being 3 fold that seen in the positive control with constitutively 
active RAG expression vectors (second sample; Figure 2A). Removal of 
tetracycline induced recombination in these three clones (S 1-12, SI -13, Sl-17) 
by greater than 50 to 100 fold. In contrast, 9 of 10 (90%) pTet-tTAk transfectants 
(Figure 2B) showed high levels of recombination (note the difference in scale 
between Figures 2 A and 2B), with the highest levels (28% in S2-1) being nearly 
50 fold higher than the positive control (Figure 2B, second sample). Inducibility 
in these nine clones was excellent, ranging from over 200 fold to 3700 fold. 
Equally high were the observed recombination frequencies achieved in clones 
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stably transfected with pTet-tTAk and Tetp-regulated RAG plasmids (S4-9 and 
S4-5; last two samples in Figure 2B). 

Further characterization of the pTet-tTAk transfectant S2-6 and the pTet- 
tTAk + pTet-Rl A/C + pTet-R2A transfectant S4-9 demonstrated that the ability 
5 to induce high levels of V(D)J recombinase activity is reproducible and that 

recombination decreases three fold with 0.01 ug/ml tetracycline and twenty fold 
with 0. 1 ug/ml tetracycline. Greater than 50% cell death was observed within 10 
days and a loss of detectable tTA protein was detected by 3 weeks in S2-6 cells 
cultured in the absence of tetracycline (Figure 6). 
10 Figure 3 A demonstrates that mRNA corresponding to the tTAk and RAG- 

1 and RAG-2 genes is detected in induced cell lines stably expressing tTA and 
stably or transiently expressing RAG-1 and/or RAG-2. Figure 3B shows that in 
S2-6 cells induced for 48 hours by tetracycline removal, tTA protein is easily 
detectable by Western blotting. 



15 The creation of inducible transgenic mice 

To assess the potential of using the autoregulatory tetracycline system in 
transgenic mice, the relevant portions of pTet-tTAk and pUHCl 3-3 were purified 
and co-microinjected into fertilized eggs, which were then implanted into 
pseudopregnant female mice. Five transgene positive founders were screened for 

20 inducibility by measurement of luciferase levels in peripheral blood mononuclear 

cells (PBMCs) from mice removed from tetracycline for 3 to 1 8 days. Three 
founders, #17, #19. and #20 showed high levels of luciferase activity after 
induction, ranging from 70-900 fold that obtained in extracts of PBMCs from 
transgene negative mice in the same experiments (Table 1). Founder #11 was 

25 leaky and #12 showed no inducible luciferase in PBMCs. It is presumed that 

variability in inducibility and leakiness of transgenes in different founders is a 
consequence of the site of integration and/or structure of the integrated 



transgenes. Ihere was no obvious correlation between levels of luciferase- 
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expression or leakiness in PBMCs and the copy number of the transgenes. 
Particularly significant was that when mouse #20 was again given water 
containing tetracycline for 18 days, after a previous 7 day induction in the 
absence of tetracycline, luciferase levels dropped essentially to background, 
5 demonstrating that transgene induction is reversible (Table 1). Germline 

transmission of the transgenes from founders #17 and #20, but not #19 was 
achieved. 



Table 1 Luciferase levels in peripheral blood mononuclear cells 
of transgenic and control mice 



Mouse 


Transgene Copy # a 


Days after removal of tetracycline from drinking water 1 " 


pTet-tTA 


pTet-Luc 


Day 0 


Day 3 


Day 7 


Day 18 


Day 7* 


15 






ND 


50(1) 


9-4(1) 


ND 


ND 


21 






11(1.2) 


ND 


0 


36(0.5) 


ND 


13 






ND 


ND 


60(1) 


69(1) 


ND 


17 


15 


30 


ND 


1317(26) 


8595 (914) 


ND 


ND 


20 


80 


120 


ND 


1137 (23) 


7300 (777) 


ND 


88(1.3) 


11 


40 


20 


943 (100) 


ND 


3983 (66) 


3013 (44) 


ND 


19 


20 


40 


0(1) 


ND 


18250 (304) 


ND 


ND 



a The approximate transgene copy number of pTet-tTA and 
pUHC13-3 (pTet-luc) as estimated from Southern blotting. 

20 b Values represent light units (with lysis buffer background 

subtracted) per 10 6 ceils measured in cell extracts of PBMCs from 
mice removed from tetracycline for the indicated number of days. 
Values in parentheses are the fold increase or decrease in 
luciferase activities relative to that in cell extracts from a 

25 transgene negative mouse in the assay performed the same day. 

Day 7* denotes luciferase activity measured in cell extracts from 
mice in whose drinking water tetracycline was removed for 7 days 
and then restored for 1 8 days. 
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To analyze more carefully the inducibility of luciferase in transgenic mice, 
a variety of tissues and organs of second or third generation transgene positive 
progeny of founder #17 and #20 (backcrossed to C57B1/6) were removed from 
tetracycline for 7 or 8 days and were compared to transgene identical positive 
progeny maintained on tetracycline. As shown in Figure 4 and Table 2, the 
progeny of mouse #51 (from Founder #17) showed luciferase activity in all 
organs examined. Levels of luciferase activity varied substantially between 
tissues, with expression consistently high in thymus and lung, and low in liver 
and kidney. Induction ranged from 2-fold in testes to 150-fold in thymus. 
Luciferase activity (10 5 -4xl0 6 rLU/mg protein) was also detected in day 17 fetal 
brain and liver of transgene positive mice conceived in the absence of 
tetracycline. Additionally, transgene positive mice conceived and maintained 
from gestation through 3.5 months in the absence of tetracycline continued to 
express optimal levels of luciferase and appeared normal. Progeny from founder 
#20 also showed highest levels of inducible luciferase activity in thymus and 
lung, although inducibility and tissue distribution of luciferase were more 
restricted than in the progeny of founder #17. Northern blotting demonstrated 
that tTA rriRNA levels were clearly induced in the thymus and lung from progeny 
of mouse #51 after removal of tetracycline (Figure 3C). Mice removed from 
tetracycline for up to 6 months appear healthy, indicating that induction of the 
tTA protein in vivo is not toxic or lethal. It was also observed that mRNA 
hybridizes to a probe specific for the luciferase gene in thymus from induced 
mice. 
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Table 2 Average luciferase activity and fold induction in 
tissues of transgenic mice' 8 



Tissue 


Av. TG Neg. 


Av. Unind. 


Av. Ind. 


Fold 
Induction 


Spleen 


107 (9) 


684 (8) 


33,180 (10) 


48 


Thymus 


220 (9) 


16,243 (8) 


2,448,580 (10) 


151 


Lung 


no m\ 

138 (9) 


1,01 / {6) 


i U7,J J o \ l\J) 


1 fK 


Liver 


69(3) 


214(6) 


2,022 (8) 


9 


Kidney 


87 (3) 


361 (6) 


9,440 (8) 


26 


Heart 


0(3) 


5,971 (6) 


32,540 (8) 


5 


Cerebrum 


94(7) 


754 (6) 


9,836 (8) 


13 


Cerebellum 


91(7) 


904 (6) 


67,410(8) 


75 


LN 


617(2) 


3,892 (4) 


74,449 (5) 


19 


Testes 


71(2) 


30,398 (2) 


60,911 (3) 


2 



/a The average values combine data from the experiments shown in Figure 4. 
The number of mice in each group is indicated in parentheses. The average 
fold induction for each tissue is shown. Values represent rLU/mg protein with 
lysis buffer background (130 rLU to 1 80 rLU) subtracted. 

The autoregulatory system (pTet-tTAk) described here represents a 
substantial improvement over a constitutive expression strategy (pcDNA-tTAk) 
in cultured cells, in all likelihood because it prevents toxic effects of the 
transactivator in the uninduced state and allows for higher levels of transactivator 
after induction. The constitutive expression strategy is less effective in two 
regards: a smaller fraction of clones produce any expression at all (18% versus 
90%) and induced V(D)J recombinase levels are much lower (by more than 70 
fold, averaging over all clones). The kinetics of induction of gene expression 
with the two systems appears comparable. In preliminary experiments with the 
autoregulatory system, strong expression of transactivator mRNA is observed 12 
hours post induction consistent with the optimal level of protein expression 
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observed at 24 hours with the constitutive system (Gossen, M. & Bujard, H., 
Proc. Natl. Acad Set USA 59:5547-5551 (1992)). Stable transfection of pTet- 
tTAk should allow easy derivation of activator cell lines in which a variety of 
genes can be inducibly expressed by subsequent transient or stable transfection. 
5 Previous attempts to create inducible transgenic mice using genes 

activated by heavy metal ions or aromatic hydrocarbons have been hampered by 
leakiness, relatively low levels of induction, restricted tissue specificity, and 
toxicity or carcinogenicity of inducing agents (Jones, S. N. et al 9 Nucl Acids Res. 
79(23):6547-6551 (1991); Goodnow, C. C. et al, Nature 542:385-391 (1989); 

10 and reviewed in Yarranton, G. T., Curr. Opin. Biotech 5:506-51 1 (1992)). The 

constitutive tetracycline system has been used to create inducible transgenic mice 
(Furth, P. A., et al, Proc. Natl. Acad. Sci. USA 97:9302-9306 (1994)) and avoids 
some of the difficulties of these earlier approaches. Assuming that equally 
sensitive luciferase measurement procedures were employed, the autoregulatory 

15 system provides approximately two orders of magnitude more luciferase activity 

in thymus (1 .1 x 10 4 rLU/mg protein maximum with the constitutive system vs. 
2.5 x 10 6 rLU/mg protein with the autoregulatory system) and lung (1.5 x 10 3 
rLU/mg protein maximum with constitutive system vs. 1 .7 x 10 5 rLU/mg protein 
with autoregulatory system). Additional benefits of the autoregulatory system 

20 appear to be a greater induction of luciferase activity in the thymus ( 1 50-fold vs. 

67-fold), arid easily detectable levels of luciferase activity in tissues which show 
little or no activity in the unmodified system such as lung, kidney and brain. 
Additionally, since activity in thymus, spleen, and lymph nodes is detected, this 
system might be especially suited to studies of the immune system. No gross 

25 perturbations of splenic architecture were observed in hematoxalin/eosin stained 

tissue sections from adult, luciferase expressing, transgenic mice maintained in 
the absence of tetracycline since conception. As seen with the unmodified 
system, leakiness varies between tissues, though it is higher in the thymus with 
the autoregulatory system than with the constitutive system. 
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By comparison to luciferase protein standards, the luciferase activity that 
was observed in thymus corresponds to an average of approximately 30 
molecules of luciferase per cell. However, it is not known what fraction of cells 
express luciferase activity or how expression levels vary between expressing 
cells. Since induction of tTA expression in this system depends upon a low level 
of leakiness of the tTA transgene, it is expected that inducibility will vary with 
the transcriptional profiles of individual cell types and stages of differentiation. 
Therefore, per cell calculations of luciferase protein may under represent the 
actual levels induced in individual cells. 

These results demonstrate that highly inducible and reversible expression 
from a Tetp-controlled reporter transgene can be obtained using the pTet-tTAk 
construct, and suggest that mice can develop normally in the presence of 
tetracycline and these transgenes, and that induction by removal of tetracycline 
does not lead to any obvious ill-effects on the mice, their ability to breed, or fetal 
development. Therefore, the potential toxicity of the tTA protein in vivo may not 
be a serious difficulty. Induced mice still express optimal levels of luciferase 3.5 
months post tetracycline removal and remain viable at least six months in the 
absence of tetracycline, suggesting that transgene expression is tolerated and is 
not downregulated. 

The pTet-tTAk system should be able to direct expression of any desired 
gene or genes in an inducible manner. This expression system should be widely 
applicable to the study of gene function in transfected cells and in vivo, to the 
creation of disease models for the testing of therapeutic agents, and to efforts to 
understand the development of mammalian organisms. It will be particularly 
useful in allowing regulated transgenic expression of genes otherwise too toxic 
to be tolerated by the organism during development. 
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Examples 

The following examples are intended to further illustrate certain preferred 
embodiments of the invention and are not intended to be limiting in nature. 

Materials and Methods 

Details of Plasmid Constructions: 

The plasmid pUHC 13-3 (described by Gossen & Bujard, Proc. Natl. 
Acad. Sci. USA: 89: 554 7-555 1 (1992)) is 5157 base pairs in size and has three 
EcoRI restriction sites (at positions 454, 667, 4036) which may be used for a 
diagnostic restriction digest. The plasmid consists of three main fragments: (1) 
pBR322-sequences including col El -origin of replication, p-lactamase-resistance- 
gene with the P bla/p3 of Tn2661 (HincII-site and Pstl-site removed); (2) the 
regulatory region with hCMV minimal promotor (-53 relative to start site) with 
heptamerized tet-operators upstream; and (3) the luciferase gene with 3 '-flanking 
region from pSV-2-luc (de Wet, et al, Mol Cell Biol 7:725-37 (1987)). See 
Figure 12A for a map of pUHC 1 3-3, and Figures 12B-12F for a sequence of 
pUHC 13-3. 

Sequences between the EcoRI and Xbal sites of pUHD15-l {see 
Figure 1 1), Gossen & Bujard, Proc. Natl Acad. Sci. USA : 89:5541 -555\ (1992), 
were replaced with a double-stranded oligonucleotide, whose sequence is shown 
in the top right of figure 7, to generate pCMV-tTAk (step 1). The inserted 
sequence provides the tTA gene with an optimal context for the initiation of 
translation, Kozac, M, Nuc. Acids Res. 72:857-872 (1984), inserts an amino acid 
into the tTA protein (alanine at position 2) and provides a unique Hindlll site for 
subsequent cloning steps. This modified tTA gene is herein referred to as tTAk. 
The Hindlll to BamHI fragment of pCMV-tTAk containing the tTAk gene was 
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then cloned into the Hindi 1 1 to BamHI sites of pcDNAI-neo (Invitrogen 
Corporation) to generate pcDNA-tTAk (step 2 of figure 7). 

The plasmid pTet-tTAk places a modified tTA gene called tTAk 
(abbreviation used herein for the tTA gene with a consensus kozak translation 
initiation site inserted therein) under control of the Tet promoter of pUHC-13-3 
(Gossen & Bujard, Proc. Natl. Acad. Sci. USA: 89:5541 -5551 (1992)). The 
construct is therefore autoregulatory. 

pTet-tTAk was constructed by first constructing a vector with the Tet 
promoter of pUHC-13-3 in a vector with an SV40 splice and poly-A site and then 
inserting tTAk between the Tet promoter and the splice/poly A. The SV40 
intervening sequence is derived from the small T antigen: Mbo I (0\56mu=4100) 
to Mbo I (0.44mu=4710). The SV40 poly-A sequence is SV40 from Bell 
(0.19mu=2770) to EcoRI (0mu=1782), and contains the early polyadenyiation 
sequence and the 3' terminal sequence of the SV40 late region (coordinates given 
are for SV40). Just upstream of the splice region is 125 bp derived from the 3' 
end of the bacterial CAT gene (untranslated sequences); these sequences appear 
to have no harmful effect, and were included only because they provide a 
convenient restriction site. See Figure 10A for a map of pTet-tTAk and Figures 
10B-10G for the sequence of pTet-tTAk. 

The starting plasmid for the construction of pTet-tTAk, pSplice-PA, was 
constructed by inserting the Seal to EcoRI fragment of pHAV-CAT, Jones, et aL, 
Nuc. Acids Res. 19:6547-6551 (1991), into the Xbal site of pBKSir (Stratagene) 
by ligation of Xbal linkers after Klenow fill in of the EcoRI site. The pSplice-PA 
plasmid contains the SV40 intervening sequence derived from the small T antigen 
and the SV40 early polyadenyiation sequence, as shown in Figure 8. The Xhol 
to Sail fragment of pUHC13-3, Gossen & Bujard, Proc. Natl Acad. Sci. 
USA:89:5541-555\ (1992), which contains seven copies of the tet operator 
upstream of a minimal human cytomegalovirus (hCMV) promoter, was cloned 
into the unique Xhol site of pSplice-PA to yield pTet-Splice (figure 8, step 1). 
This tet operator-containing promoter is referred to herein as Tetp. pTet-Splice 
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contains a number of unique restriction sites for easy insertion of genes of interest 
between Tetp and the splice/poly A sequences. See Figure 9A for a map of pTet- 
Splice and Figures 9B-9G for the sequence of pTet-Splice. The Hindlll to 
BamHI (blunted with Klenow) fragment of pCMV-tTAk containing the tTAk 
gene was then cloned into the Hindlll to EcoRV sites of pTet- Splice to yield 
pTet-tTAk (figure 8, step 2). 

The Tetp-controlled mouse RAG-1 expression construct used in these 
experiments was constructed by inserting the coding region of pRIA/C as a 
BamHI (blunted with Klenow) to Xbal fragment into the EcoRV to Spel sites of 
pTet-Splice to yield pTet-Rl A/C. However, the nucleic acid molecule encoding 
RAG-1 can be synthesized chemically using known methods in the art or can be 
isolated from any other source. For the complete sequence of RAG-1, see Schatz, 
D. G. et aL, Cell 59:1035-1048 (1989). The RAG-1 coding region of pRl A/C 
has been altered, as compared to full length mouse RAG-1, by deletion of amino 
acids 2-89 and amino acids 1009-1040, the addition of six histidines immediately 
following the second codon, the insertion of alanine and serine codons 
immediately after the histidines to introduce a site for Nh.el, and the addition of 
a consensus translation initiation context surrounding the AUG start codon. This 
deletion mutant of RAG-1 has significantly greater V(D)J recombinase activity 
than full length mouse RAG-1 . 

The tetracycline-controlled mouse RAG-2 expression construct used here 
was constructed by inserting the Xhol to Xbal fragment of pR2A-CDM8 into the 
Sail to Spel sites of pTet-Splice to yield pTet-R2A. However, the nucleic acid 
molecule encoding RAG-2 can be synthesized chemically using known methods 
in the art or can be isolated from any other available source. For the complete 
sequence of RAG-2, see U. S.P.N. 5,159,066, issued October 27, 1992, or 
Oettinger, M. A. et al, Science 245:1517-1523 (1990). The RAG-2 coding 
region of pR2A-CDM8 has been altered, relative to full length mouse RAG-2, by 
the C-terminal deletion of amino acids 492-527, the addition of a consensus 
~30 trsm<skrtmn4mtin tinn rnnt ^ v t ^u n r ounding th e AT JG s t ar t codon. and the insertion 
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of an alanine codon at position 2. This RAG-2 mutant has somewhat higher 
V(D)J recombinase activity than full length mouse RAG-2. 

Example 1: Construction of plasmids 

The EcoRI-BamHI fragment of pUHD15-l (Gossen, M. & Bujard, H., 
Proc. Natl. Acad. Set USA 89:5547-5551 (1992)) containing the tTA open 
reading frame (ORF) was modified at its 5' end by addition of a 30 bp 

oligonucleotide (SEQ ID NO: ) to provide an optimal context for translational 

initiation (Kozak, M., Nucl Acids Res. 72:857-872 (1984)) and a unique Hindlll 
site for subsequent cloning. The added nucleotides are those shown at the top 
right, Figure 7. The number of added nucleotides depends on whether one counts 
the nucleotides of the EcoRJ and Xbal enzyme sites. For simplicity, the modified 
5' end of the ORF is referred to herein as a 30 bp oligo. The modified tTA gene 
is hereafter referred to as tTAk. The Hindlll-BamHI tTAk fragment was cloned 
into the Hindlll-BamHI sites of pcDNAI-neo (Invitrogen Corporation) to yield 
pcDNA-tTAk. In pcDNA-tTAk, the tTAk gene is under the transcriptional 
control of the enhancer and promoter sequences of the immediate early gene of 
human cytomegalovirus (hCMV). The plasmid pSplice-PA was constructed by 
inserting the SV40 small T antigen intervening sequence and the SV40 early 
polyadenylation sequence from pHAV-CAT (Jones, S. N. et al., Nucl. Acids Res. 
79:6547-6551 (1991)), into pBKSIT (Stratagene). The Xhol-Sall fragment of 
pUHC13-3 (Gossen, M. & Bujard, H., Proc. Natl. Acad. Sci. USA £9:5547-5551 
(1992)), containing seven copies of the tet operator upstream of a minimal 
promoter (hereafter referred to as Tetp), was cloned upstream of the splice/polyA 
sequences of pSplice-PA to yield pTet-Splice. The tTAk gene was cloned into 
pTet-Splice to yield pTet-tTAk, placing the start site of transcription 1 43 bases 
upstream of the tTAk AUG (Figure 1). 

The Tetp-controlled mouse RAG-1 expression construct (pTet-Rl A/C) 
was constructed by inserting the coding region of pRl A/C into pTet-Splice. The 
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RAG-1 coding region of pRIA/C has been altered, as compared to full length 
mouse RAG-1 , by small N and C terminal deletions which result in at least a two- 
fold increase in V(D)J recombinase activity, i.e. two fold increase in VDJ with 
R1A/C over R1A and R2A over R2. The Tetp-controlled mouse RAG-2 
5 expression construct (pTet-R2A) was constructed by inserting the coding region 

of pR2A-CDM8 into pTet-Splice. This RAG-2 coding region is altered relative 
to full length mouse RAG-2 by a small C-terminal deletion which results in a 
small increase in V(D)J recombinase activity. pTet-Rl and pTet-R2 consist of 
the complete RAG-1 and RAG-2 ORFs, respectively, inserted into pTet-splice. 

10 Example 2: Cell culture and derivation of transfected cell lines 

Stable transfectants of pcDNA-tTAk were generated by calcium 
phosphate/glycerol shock transfection of 10 fig of linearized plasmid into 0.5 x 
10 6 NIH 3T3 fibroblast cells as described (Schatz, D. G. etal, Cell 59: 1035-1048 
(1989)) and 48 hours after transfection plating cells in 0.75 mg/ml G418 plus 0.5 
15 ug/ml tetracycline. Single colonies picked after 12 days were expanded in 0.5 

mg/ml G418, 0.5 ug/ml tetracycline. 

Stable transfectants of pTet-tTAk alone or pTet-tTAk plus pTet-Rl A/C 
plus pTet-R2A, were generated by transfecting 1 0 p.g of each linearized plasmid 
with 1 pg of linearized pSV2-His, followed by selection in media containing L- 
20 histidinol but lacking histidine as described previously (Schatz, D. G. et a!., Cell 

59:1035-1048 (1989)). Transfected cells were maintained in the presence of 0.5 
ug/ml tetracycline, beginning at the time of transfection. 

Example 3: Assay for V(D)J recombinase activity 

V(D)J recombinase activity was measured using the extrachromosomal 
25 reporter plasmid pD243 (a signal joint deletion substrate) as described by others 
(rjewib, S . M. & Hesse, J. C, EMDO 7 . 7fl(12): 3 631 » 3639 (1 9 91 ) ). Bri e fly , - 
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NIH3T3 fibroblast cell lines were transfected with 10 ug of pD243, and where 
indicated 6 jag of pTet-RlA/C and 4.8 ug of pTet-R2A, by the calcium 
phosphate/glycerol shock transfection method. Tetracycline was omitted from 
the culture medium after the transfection in the samples indicated "ter". In other 
cases ("tet + "), cells were maintained in media containing 0.5 ug/ml tetracycline. 
Extrachromosomal plasmid molecules were harvested by rapid alkaline lysis of 
the cells 48 hours after transfection, and a small aliquot of the isolated DNA was 
electroporated into MCI 061 bacteria. The electroporated bacteria were spread 
on LB agar plates containing 1 00 ug/ml ampicillin (A) and on plates containing 
1 1 ug/ml chloramphenicol and 100 ug/ml ampicillin (CA). After sixteen hours 
of growth at 37 °C the percent recombination, Rn, was calculated as the total 
number of CA resistant colonies divided by the total number of A resistant 
colonies, multiplied by 100. Greater than 99% of plasmids harvested from 
NIH3T3 fibroblasts 48 hours after transfection have replicated at least once (as 
indicated by their resistance to digestion by Dpnl), demonstrating that essentially 
all of the harvested plasmid molecules have entered the nucleus of transfected 
cells and are therefore assumed to have been accessible for recombination 
(Lieber, M. R. et al 9 Genes and Devel 7:751-761 (1987)). 

Example 4: RNA blot analysis 

Electrophoresis of total cell RNA in 1-1.2% agarose/formaldehyde gels 
was followed by blotting to nylon membranes (Zetabind, CUNO or Genescreen 
Plus, NEN) and subsequent hybridization with DNA probes prepared using a 
random hexamer labelling kit (Boehringer Mannheim). Probes detecting RAG- 1 
and RAG-2 mRNA were prepared from fragments of the RAG-1 or RAG-2 
coding regions (Schatz, D. G. et ai, Cell 59:1035-1048 (1989); Oettinger, M. A. 
et al , Science 248: 1517-1523 (1 990)), respectively. The probe for actin has been 
described previously (Schatz, D. G. et al. f Cell 59:1035-1048 (1989)). 
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Example 5: Western blot analysis 

Protein from 1.5 x 10 7 cells per lane was subjected to SDS-PAGE on an 
8% poly aery lamide gel and electroblotted to a 0.2 micron PVDF membrane 
(BIO-RAD Laboratories). Membranes were blocked at room temperature (RT) 
5 overnight in a solution of 1%BSA, 0.5% gelatin, in TTBS (Tris buffered saline 

+ 0.1% Tween-20), washed 2X5 minutes in TTBS and probed overnight with 
a monoclonal anti-tef R antibody (9F 1 0)-containing hybridoma supernatant (S. 
Freundlieb and H. Bujard, Heidelberg. Germany), diluted 1:4 in 1%BSA in 
TTBS. The blots were washed 4x10 minutes in TTBS and tTA protein was 
10 detected by incubation for 40 minutes with goat anti-mouse antibody (1:1 0,000 

in TTBS) (Amersham), washing in TTBS 4x10 minutes and TBS 2x10 
minutes, and subsequent developing with an ECL western blotting kit 
(Amersham). 

Example 6: Transgenic mice and assays for luciferase 

15 Mice doubly transgenic for pTet-tTAk (Xhol to NotI fragment) and 

pUHC13-3 (Xhol to Asel fragment) were created by co-microinjection of gel 
purified DNA (in the presence of 0.5 ug/ml tetracycline) into fertilized Fl 
(C57BL/6 x C3H) eggs, which were then implanted into the uterus of 
pseudopregnant females. Pregnant females were provided with water containing 

20 100 fig/ml tetracycline and 5% sucrose. Progeny were screened by probing 

Southern blots of tail DNA with tTA (761 bp Xbal-Sall) or luciferase (1365 bp 
Hindlll-EcoRV) fragments labeled with a- 32 P-dCTP as above. Transgene copy 
number was estimated by comparison of the Southern blot signal to those 
obtained from dilutions of plasmid DNA fragments. 

25 Luciferase activity in tissues of transgenic mice was measured using an 

assay system according to the manufacturers instructions (#E1500, Promega 
Corporation). Peripheral blood mo nonuclear cells (PBMCs ) (0.1-1.0 x 10* ceHs)- 
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were lysed in 50 ul of lysis buffer for 1 5 minutes at room temperature, and after 
pelleting the insoluble material for 5 seconds at 14,000 rpm, 20 ul of the 
supernatant was mixed with 100 ul of luciferin reagent and the light produced in 
10 seconds was measured in a luminometer (Berthold, Lumat LB9501, 
Germany). The number of cell equivalents of lysate in the assay was used to 
normalize luciferase activity between samples. Other tissues, harvested and quick 
frozen in liquid nitrogen, were ground to a powder with a cold mortar and pestle, 
placed in 100-200 ul luciferase lysis buffer, and incubated at RT for 15 minutes. 
Ceil debris was pelleted for 10 seconds at 14,000 rpm and supernatant was stored 
at -70 °C until analysis. 20 ul supernatant was used in luciferase assays. For 
normalization of luciferase activity between tissue lysates, total protein 
concentration in lysates was determined using a Bradford protein assay (Bio-Rad 
Laboratories). Samples were assayed within the linear range of the assay and 
only approximately 2-fold variation was observed as lysates were diluted. Firefly 
luciferase protein standard (Sigma) added to extracts from a variety of tissues 
from wild type mice showed no variation in activity. 

While the foregoing invention has been described in some detail for 
purposes of clarity and understanding, it will be appreciated by one skilled in the 
art from a reading of this disclosure that various changes in form and detail can 
be made without departing from the true scope of the invention and appended 
claims. All patents and publications mentioned herein are incorporated by 
reference in their entirety. 
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What Is Claimed Is: 

1 . A composition of matter comprising a polynucleotide molecule 
encoding a tetracycline transactivator fusion protein, said protein comprising a 
prokaryotic tet repressor and a eucaryotic transcriptional activator protein, and 

5 said polynucleotide molecule being operably linked to an inducible minimal 

promoter, which promoter contains at least one tet operator sequence. 

2. A composition of matter as claimed in claim 1 . wherein the open 
reading frame of the polynucleotide molecule encoding the tetracycline 
transactivator fusion protein is modified at its 5 ' end to provide an optimal 

10 context for translationai initiation. 

3 . A composition of matter as claimed in claim 2, wherein the 5 ' end 
of the open reading frame of the polynucleotide molecule encoding the 
tetracycline transactivator fusion protein is further modified to provide a unique 
restriction site. 

15 4. A composition of matter as claimed in claim 3, wherein the 

unique restriction site is Hindlll. 

5. A composition of matter as claimed in claim 4, wherein the open 
reading frame of the polynucleotide molecule encoding the tetracycline 
transactivator fusion protein is modified at its 5' end to encode an oligonucleotide 

20 identified as SEQ ID NO. . 

6. A composition of matter as claimed in claim 1 which is DNA. 

7. A composition of matter comprising a cloning vector containing 
the polynucleotide molecule of claim 1 . ~ ~~ 



BNSDOCID: <WO 9640946A1> 



WO 96/40946 



PCT/US96/10109 



-41- 

-8. A composition of matter comprising a eucaryotic cell transfected 
with the polynucleotide molecule of claim 1 . 

9. A composition of matter as claimed in claim 8, wherein said 
eucaryotic cell is further transfected with a polynucleotide molecule encoding a 
heterologous protein operably linked to an inducible minimal promoter, which 
contains at least one tet operator sequence. 

10. A composition of matter as claimed in claim 9, wherein at least 
one of the polynucleotide molecules is operably linked to a minimal promoter and 
seven tet operator sequences. 

11. A method to decrease or shut off expression of a heterologous 
protein comprising 

(a) transforming a eucaryotic cell with 

(i) a first polynucleotide molecule encoding a tetracyline 
transactivator fusion protein, said protein comprising a prokaryotic tet repressor 
and a eucaryotic transciptional activator protein, and said polynucleotide 
molecule being operably linked to an incudicble minimal promoter, which 
promoter contains at least one tet operator sequence; 

(ii) a second polynucleotide molecule encoding the 
heterologous protein, said protein being operably linked to an inducible minimal 
promoter, and said promoter containing at least one tet operator sequence; and 

(b) cultivating the eucaryotic cell in a medium comprising tetracycline 
or a tetracycline analogue. 

12. A method as claimed in claim 11, wherein the second 
polynucleotide molecule is operably linked to a minimal promoter and seven tet 
operator sequences. 
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13. A method to activate or enhance the expression of a heterologous 
protein comprising 

(a) transforming a eucaryotic cell with 

(i) a first polynucleotide molecule encoding tetracycline 
transactivator fusion protein, said protein comprising a prokaryotic tet repressor 
and a eucaryotic transciptional activator protein, and said polynucleotide 
molecule being operably linked to an inducible promoter, which promoter 
contains at least one tet operator sequence; 

(ii) a second polynucleotide molecule encoding the 
heterologous protein, said protein being operably linked to an inducible minimal 
promoter, and said promoter containing at least one tet operator sequence; and 

(b) cultivating the eucaryotic cell in a medium lacking tetracycline or 
a tetracycline analogue. 

14. A composition of matter as claimed in claim 8 containing 
tetracycline in an amount sufficient to suppress binding of tetracycline 
transactivator fusion protein to said inducible minimal promoter. 

15. A composition of matter as claimed in claim 9, wherein the 
polynucleotide molecule encoding a tetracycline transactivator fusion protein is 
expressed in an amount sufficient to drive expression of the polynucleotide 
molecule, encoding the heterologous protein, in the absence of tetracycline. 

16. A composition of matter as claimed in claim 9 wherein 
tetracycline transactivator fusion protein is present in an amount sufficient to 
drive expression of the heterologous protein. 

17. A composition of matter consisting essentially of the plasmid 
pTet-Splice. 
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18. A composition of matter consisting essentially of the plasmid 
pTet-tTAK. 

19. A kit comprising a carrier means having in close confinement 
therein at least two container means, wherein a first container means contains a 
first polynucleotide molecule encoding a tetracycline transactivator fusion 
protein, said protein comprising a procaryotic tet repressor and a eucaryotic 
transcriptional activator protein, and said polynucleotide molecule being operably 
linked to an inducible minimal promoter, which promoter contains at least one tet 
operator sequence; and a second container means contains a second 
polynucleotide molecule encoding said inducible minimal promoter, which 
promoter contains at least one tet operator sequence, which tet operator sequence 
is strategically positioned for being operably linked to a heterologous 
polynucleotide sequence encoding a polypeptide. 

20. A kit comprising a carrier means having in close confinement 
therein at least two container means, wherein a first container means contains a 
eucaryotic cell transfected with a first polynucleotide molecule encoding a 
tetracycline transactivator fusion protein, said protein comprising a procaryotic 
tet repressor and a eucaryotic transcriptional activator protein, and said 
polynucleotide molecule being operably linked to an inducible minimal promoter, 
which promoter contains at least one tet operator sequence; and a second 
container means contains a second polynucleotide molecule comprising an 
inducible minimal promoter, which promoter contains at least one tet operator 
sequence, which tet operator sequence is strategically positioned for being 
operably linked to a heterologous polynucleotide sequence encoding a 
heterologous polypeptide. 
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